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Abstract
The paper discusses chemical sensor applications in commercial aircraft. Potential applications range from air quality
to system health monitoring and smart maintenance. These application fields are described and suitable sensor
technologies are pointed out. The use of MEMS and nanotechnologies in realizing such sensor functionalities is
demonstrated by considering selected sensor examples.
© 2011 Published by Elsevier Ltd.
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1. Introduction
Commercial aircraft are complex mechanical systems. As in the automotive industry, sensors,
electronics and software increasingly penetrate such systems and critically contribute to their overall
performance. The present paper focuses on emerging chemical sensor applications in commercial aircraft.
In order to introduce this subject, consider Fig.1, which presents a view onto a modern commercial
airplane and some of its safety-critical subsystems. An airplane like the new A380 can transport between
555 to 800 passengers on two flight decks. A third deck in the bottom is reserved to cargo. In order to
ensure a comfortable journey, these passengers need to be supplied with fresh air and water. Additionally
the safety and security of passengers and crew needs to be ensured. Whereas air quality and water are
items directly apparent and accessible to passengers, passenger safety also heavily relies on a variety of
technical subsystems. One of these subsystems is the hydraulic system which powers a range of safety-
critical components such as the wings´ flap and slat systems, the tail plane fins, and the landing gears. The
mechanical integrity and performance of these actuators, in turn, is critically dependent on the state of the
hydraulic fluid that powers these actuators. Demanding chemical sensor applications also appear on the
horizon as fuel cells are being introduced into commercial aircrafts. Such fuel cells will be able to
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generate from kerosene, i.e. a single resource, all the electricity and water required onboard. On the other
hand, the fuel cell exhaust gas, which is oxygen-depleted, is used to flush out oxygen-containing air from
the fuel tanks. In this way, the development of explosive atmospheres in partially filled fuel tanks can be
avoided. In the following we highlight some specific sensor examples we have been working on within
EADS Innovation Works.
Fig 1: (top panel) Flow of air through a commercial airplane; (bottom panel) Wing-integrated flap and slat system; Hydraulic
actuators powering the control flaps
2. Air monitoring applications
Next to seating, passengers rank air quality as a key comfort criterion in a commercial aircraft [1]. As
in a car, local air quality is ensured by circulating air inside the passenger cabin while continuously
replacing a portion of the used air with fresh outside air. Aircraft-specific problems can be understood by
considering the air flow within a commercial aircraft (Fig.1). Within the current technology outside air is
taken onboard through the engines, circulated within the aircraft, and discarded through the toilets.
Measurements of the air quality currently are not performed. Air quality is simply ensured by replacing
the entire cabin air volume within less than three minutes. Collecting bleed air through the engines
produces considerable friction which must be compensated by additional thrust. Present environmental
control systems (ECS) contribute roughly 5% to the total fuel consumption of an aircraft. Driving towards
better fuel economy, non-bleed-air ECS architectures are being seriously considered. In such non-bleed
air ECS, air monitoring and ventilation-on-demand schemes become increasingly important.
Even in today’s ECS, air monitoring can perform multiple functions. These are revealed as one moves
along the air flow inside the aircraft. During cruise flight cold outside air becomes compressed inside the
engines and is adiabatically heated to temperatures far beyond cabin temperature requirements. In order to
become useful, the compressed bleed air must be cooled and stratospheric ozone must be catalytically
converted into O2. Like all pieces of technical equipment, the bleed air and the air pre-treatment systems
can fail. Possible failures are leaks in the bleed air system and saturation of the catalytic converter.
Routine monitoring for traces of lubrication oil and for stratospheric ozone can provide evidence for leaks
in the bleed air system and insufficient catalyzer performance. Both pieces of information are important
for establishing innovative maintenance-on-demand procedures. Local monitoring of H2O, CO2, and
volatile hydrocarbons, on the other hand, can establish a measure of the local air quality and air
circulation can be adjusted accordingly. Here, sensor signals contribute to passenger comfort and energy
efficiency. After its passage through the passenger cabin, the used air is passed through the cargo
compartments, the avionic racks, and the in-flight entertainment equipment. All these compartments are
inaccessible during flight and therefore need to be routinely monitored for fire hazards. In the event of a
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fire, many types of gases can evolve. The most universal and therefore most suitable fire indicator,
however, is CO. In order to comply with the requested low false alarm rates of 1 per 107 flight hours [2],
a very fast, sensitive, and selective detection of CO is required. In the final stage the air is discarded
through the toilets. In this final stage air monitoring can contribute to in-flight security. This latter
opportunity of security monitoring reveals from the fact that toilets can be misused as chemical
laboratories in which easily available liquids can be mixed and converted into improvised high
explosives. Alleged terrorist plots of this kind have been discovered and prevented [3]. Precursor vapors
to be detected are H2SO2, HNO3, H2O2 and acetone – again in variable background air [4].
3. Air monitoring technologies
From the explanations above, it is evident that a whole variety of gases is potentially interesting to
detect. Moreover, concentrations can range from the percent (humidity) down into the ppb level (VOCs).
Solid state gas sensors which rely on adsorptive detection principles can deal with the requested wide
variety of gases and also with potentially very low gas concentrations. A serious drawback, however, is
the phenomenon of sensor drift and a lacking self test and self calibration capability. Such capabilities are
extremely important as commercial airplanes have a very long service life, and have to live up to high
safety and reliability standards at a minimum expense of service costs. Spectroscopic gas sensors such as
non-dispersive infrared (NDIR) gas sensors feature good selectivity, high stability, and most importantly
the much required self test capability. NDIR sensors, however, compare less favorably concerning
sensitivity, size, weight, and power consumption. IR-based and photoacoustic (PA) sensing technologies,
in particular, offer interesting development potentials concerning these deficiencies. Table 1 lists the
requirements for aeronautic sensors, along with the corresponding suitabilities of the adsorption and
infrared sensing methods.
ADSORPTION INFRARED SPECTROSCOPY
Requirement Solid state
(MOX)
Transmission
Thermopile
Transmission
PA
Absorption
PA
Sensing
Sensitive X X - (X) X
Selective X (X) X X X
Multi-gas X X (X) (X) (X)
Stable X - X X X
Operational
Small size X X - - X
Low weight X X - - X
Low power X X - - X
Self test X - X X X
Networking
Energy
harvesting
X X - - X
Communication X X X X X
Table 1: Aeronautic sensor requirements and relative performance features of metal oxide (MOX) and various types of infrared-
absorption gas sensors
In recent years interesting work has been performed to advance the state of the art in infrared (IR) gas
sensors. One particular example is the work performed within the FP6 project “NETGAS” [5, 6]. This
project focused on an innovative kind of photoacoustic (PA) gas sensor that consistently builds on MEMS
microcomponents. The hardware sensor system architecture is displayed in Fig.2a and the underlying
detection principle is indicated in Fig.2b. Light from a MEMS thermal infrared (IR) emitter passes down
a tubular surveillance path and is absorbed at its other end by a PA detector cell. The detector cell is a
silicon-glass bonded microchamber which contains a sensitive MEMS microphone and a lifetime filling
of the gas to be detected. Assume that this gas is CO2. The CO2 molecules inside the chamber will then
absorb all the radiation which falls within their specific spectral sensitivity range. The absorbed photons
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in turn cause the molecules to vibrate with their specific mechanical vibration frequencies. This
vibrational energy is subsequently distributed over all molecules inside the detector chamber, thus
causing a small temperature rise. In case the MEMS IR emitter is powered to emit modulated IR light,
periodic pressure variations arise which can be detected with the MEMS microphone. When CO2
molecules turn up in the tubular surveillance path, some of the IR light, which could have been absorbed
in the PA cell, is already absorbed inside the surveillance path. In this way a smaller output signal evolves
from the PA cell than in the clean air case. The gas inside the PA cell thus works as a perfectly specific
filter for detecting the same kind of target gas inside the surveillance path.
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Fig 2: (a) Hardware architecture of a MEMS PA sensor; (b) PA detection principle
This type of absorption process is highly selective (Fig.3a) and also sensitive as shown in Fig.3b.
Minimum detectable CO2 concentrations in air were of the order of 20 ppm and of the order of 50 ppm
for CO and for a range of linear hydrocarbons. Elongating the light path by using a circular multi-
reflection cell, minimum detectable gas concentrations of 1, 6 and 2 ppm could be obtained for CO2, CO
and CH4, respectively [2]. This surprising sensitivity arises out of the fact that gas-filled PA cells exhibit
detectivities D* which approach the value for ideal thermal IR detectors within less than one order of
magnitude. The availability of a self test capability arises out of the fact that a functioning sensor always
produces a periodic output signal with the known modulation frequency of the emitter.
(a) (b)
Fig 3: (a) response to increasing concentrations of CO2 (top panel); response of a CO2-filled PA cell to CO2, CO, CH4 and H2O; (b)
measurement of the CO2 concentration inside a conference room during a one-day meeting With kind permission from Springer
Science+Business Media: Solid state gas sensing, Chapter 1: Micro-fabrication of gas sensors, 2009, J Spannhake, A Helwig, O
Schulz, G Müller, Fig 1 32 and Fig 1 33
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Interesting developments in PA gas detection are also enabled using innovative semiconductor laser
sources. With the development of quantum cascade lasers (QCL), light sources have become available
which are able to emit 4 to 5 orders of magnitude more light within the narrow vibrational absorption
feature of a molecule. With such light sources significant amounts of energy can be deposited into a small
gas volume, even though the absorbing gas concentration might actually be very small. This possibility
allows PA gas detectors to be built which freely communicate with the surrounding gas atmosphere.
Fig.4a shows the QCL and telecom laser emission principles along with a possible detection chamber
arrangement. Numerical simulations indicate that a wide range of gases and vapors can be detected with
ppb and sub-ppb concentrations [7]. A second interesting opportunity arises when the QCLs are replaced
by much cheaper telecom laser diodes. Such diodes emit in the 1.3 to 1.8 Pm region, i.e. in a wavelength
range in which many interesting analytes exhibit overtone vibrations. As such overtone vibrations are
much weaker than the corresponding ground state vibrations, lower sensitivities can be attained. Besson
et al. [8] nevertheless could demonstrate single ppm sensitivities for CO2, H2O and a range of
hydrocarbons. As NIR laser light can easily be transported over light fibers, networks of gas sensors can
be formed (Fig.4b). In such networks light is emitted by a single central laser and distributed over a
number of PA cells. The electrical power, necessary to operate the individual sensor nodes, can be
generated using local energy harvesting schemes [9]. Such networks can also be endowed with multi-gas
capabilities by coupling several lasers with different wavelengths into one and the same light fiber.
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Fig 4: (a) open PA absorption cell powered by a QCL or a telecom NIR laser; (b) architecture of a laser-powered PA gas sensor
network
4. Hydraulic fluid monitoring
For safety reasons aviation hydraulic fluids need to be fire-resistant. For this reason phosphate-ester-
based hydraulic fluids are used in commercial airplanes. Such fluids, unfortunately, are hygroscopic and
therefore tend to absorb humidity from the air ambient. Pumping and actuator activity in the hydraulic
system can increase the temperature of the hydraulic fluid up to and above 100°C. This additional Joule
heating can cause adsorbed water molecules to disintegrate the phosphate-ester base fluid. Degradation
products are alcohols and phosphorus acid molecules. The first can collect in gas bubbles and
compromise the force-transmitting properties of the hydraulic fluid, the second can become dissolved in
the remaining water forming corrosive phosphoric acid. The latter can corrode all kinds of metallic parts
inside the hydraulic system and form particle debris with detrimental abrasive properties. Routine
maintenance on aviation hydraulic fluids therefore focuses on determining the water content, the total
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acid number (TAN) and the particle contamination of hydraulic fluids to prevent the accumulation of
mechanical damage.
The present state of the art in hydraulic fluid monitoring is tapping fluid from the pressurized
hydraulic system and performing standard chemical analysis in certified labs. This current procedure is
tedious and time-consuming (~10days) and is routinely performed during C-checks with the plane on
ground. Considering the fact that fluid degradation can proceed rapidly and that C-checks are performed
with a rate of no more than once per year, there is a danger of unscheduled ground stops and maintenance
in remote areas of the world with severe negative financial impact. Smart maintenance concepts try to
avoid such situations by performing frequent checks on the hydraulic fluid. Regular checking of particle
contamination, water content and TAN value allows degradation trends to be established and
extrapolations to critical fluid performance to be made. Necessary maintenance actions on the hydraulic
fluid can then be scheduled to coincide with other necessary maintenance actions in pre-determined
optimum locations. In this way the cost of ownership of expensive aircraft can be minimized.
A key technology for arriving at such a favorable situation is compact multi-parameter fluid sensors
which can be directly integrated into aviation hydraulic systems. Such a sensor system has been
developed under the FP6 project “SuperSkySense”. The chemical contamination part of this sensor is
again based on NDIR principles. The sensor architecture is shown in Fig.5a and a pre-industrialization
prototype of an assembled sensor unit is shown in Fig.5b [10].
(a) (b)
Fig 5: (a) NDIR monitoring system for aviation hydraulic fluids featuring a MEMS IR emitter and a 4-thermopile detector array;
(b) industrialized version of the fully assembled monitoring unit
The working principle of this sensor is measuring the water O-H absorption at around 3500cm-1
(Fig.7a). With this information at hand the water can be removed from the hydraulic fluid in an overnight
stop on ground in many airports. In case follow-on damage to the fluid does occur, dissolved H2O
molecules are consumed, and alcohols and phosphoric acid groups are formed. In this disintegration
process the number of O-H bonds is conserved, the O-H groups however, are attached to different
molecular backbones (Fig.6). Under such conditions, the OH absorption feature moves to lower wave
numbers (Fig.7a). This wave number shift, in turn, can be correlated to the total acid number (TAN) of
the fluid. Within the NDIR sensor, this wave number shift is determined from the relative signal strengths
in the three blue-shaded wave number bands indicated in Fig.7b. Direct maintenance-related information
is derived from these three sensor signals. Sensor self test and sensor drift correction is provided by the
signals coming from the forth wavenumber band at around 3900cm-1. In this latter band, chemical
changes inside the fluid have a minimal impact on the sensor signal.
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Fig 6: Hydraulic fluid degradation processes leading to acid formation and the development of corrosion damage inside aircraft
hydraulic systems
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Fig 7: (a) FTIR spectra of aviation hydraulic fluids contaminated with increasing amounts of water; (b) FTIR spectra of water-
contaminated fluid and of water-contaminated fluid after an additional heat treatment leading to acidity formation
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